INTRODUCTION
============

*Toxoplasma gondii* is an obligate intracellular protozoan parasite that can invade and replicate in all nucleated cells in a wide range of host species. At least one-third of the world's population is reportedly infected with *T. gondii* \[[@b1-kjp-54-6-711]\]. Although infection in immunocompetent humans is usually asymptomatic, *T. gondii* can lead to a life-threatening disease in fetuses or newborns of primary-infected mothers and in immunocompromised patients after activation of dormant parasites \[[@b2-kjp-54-6-711]\].

The innate immune system plays an important role in sensing pathogens and triggering biological mechanisms to control infection and eliminate pathogens \[[@b3-kjp-54-6-711],[@b4-kjp-54-6-711]\]. The presence of pathogens is detected by a limited number of germline-encoded pattern recognition receptors (PRRs) that have evolved to sense conserved microbial molecules. PRRs are expressed by cells, such as monocytes, macrophages, dendritic cells, neutrophils, and epithelial cells, as well as other cells of the adaptive immune system \[[@b5-kjp-54-6-711]\]. PRRs include Toll-like receptors (TLRs), C-type lectin receptors, RIG-like receptors, and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) \[[@b6-kjp-54-6-711],[@b7-kjp-54-6-711]\]. Significant effort has been dedicated to determining the specific TLRs responsible for the initial sensing of *T. gondii*, and multiple TLRs have been reported to participate in *T. gondii* sensing \[[@b8-kjp-54-6-711]\].

NLRs are a large group of cytosolic sensors whose main function is to modulate the expression of proinflammatory cytokines \[[@b9-kjp-54-6-711],[@b10-kjp-54-6-711]\]. NLR proteins have a common domain organization with a central nucleotide-binding oligomerization domain (NOD or NACHT), a C-terminal leucine-rich repeat domain, and a variable N-terminal protein-protein interaction domain \[[@b9-kjp-54-6-711],[@b10-kjp-54-6-711]\]. Members of the NLR family assemble into large multiprotein complexes, termed inflammasomes, that can be activated by cellular pathogens (bacteria, fungi, viruses, and protozoa) or stress to engage innate immune defenses \[[@b11-kjp-54-6-711]--[@b13-kjp-54-6-711]\]. Inflammasomes activate caspase-1, a proteolytic enzyme that cleaves and activates IL-1β and IL-18 \[[@b11-kjp-54-6-711],[@b12-kjp-54-6-711]\]. The NLR family includes more than 23 members in humans and approximately 34 in mice. Some NLR members are reportedly involved in *T. gondii* infection of mice or cells \[[@b14-kjp-54-6-711]--[@b18-kjp-54-6-711]\]; however, the functions of many sensor proteins, including NLR4, NLRP6, NLRP8, NLRP10, NLRP12, NLRP13, NLRP14 and neuronal apoptosis inhibitor protein (NAIP), in *T. gondii*-infected cells remain unknown.

IL-1β is a critical cytokine that acts as a pyrogen to amplify the proinflammatory response during infection with various pathogens \[[@b19-kjp-54-6-711],[@b20-kjp-54-6-711]\]. Due to its potent inflammatory activity, IL-1β plays a critical role in host defenses and innate immunity against pathogens \[[@b21-kjp-54-6-711]\]. The current model for IL-1β regulation is that TLR activation and NF-κB signaling induce IL-1β transcription, and then the mRNA is subsequently translated into pro-IL-1β. A second signal then activates the inflammasome for proteolytic processing of the zymogen into mature, bioactive IL-1β, which can be released from cells \[[@b22-kjp-54-6-711]\]. *T. gondii* has been shown to induce IL-1β in multiple human cell types in vitro, including monocytes, foreskin fibroblasts, and retinal pigment epithelial cells \[[@b17-kjp-54-6-711],[@b18-kjp-54-6-711]\]. Exogenous administration of IL-1β is protective against lethal *T. gondii* infection in vivo \[[@b23-kjp-54-6-711]\]. Although *T. gondii* infection results in IL-1β secretion, the precise mechanism of IL-1β production in macrophages has not yet been elucidated.

To understand inflammasome-related gene and protein expression and the mechanisms of inflammasome-regulated inflammatory cytokine secretion, we evaluated inflammasome sensors, including NLRP1, NLRP3, NLRC4 (nucleotide-binding domain leucine-rich repeats protein family), AIM2 (HIN 200 protein family), a subset of NLRs (NLRP6, NLRP8, NLRP13), NAIP, adaptor molecule ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), and caspase-1 gene expression in *T. gondii*-infected THP-1 macrophages.

MATERIALS AND METHODS
=====================

*T. gondii* maintenance
-----------------------

Tachyzoites of *T. gondii* RH strain were maintained as described previously, with some modifications \[[@b24-kjp-54-6-711]\]. Briefly, human retinal pigment epithelial cells, ARPE-19 (ATCC, Manassas, Virginia, USA), were cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) with F12 (DMEM/F12) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotic--antimycotics (all from Gibco, Grand Island, New York, USA).

ARPE-19 cells were infected with RH strain of *T. gondii* using a multiplicity of infection (MOI) of 5 and incubated at 37°C and 5% CO~2~ for 2--3 days. Following spontaneous host cell rupture, parasites and host cell debris were washed in cold PBS. The final pellet was resuspended in cold DMEM and then passed through a 26-gauge needle and a 5.0 μm pore filter (Millipore, Billerica, Massachusetts, USA).

In vitro culture of THP-1 monocytes and differentiation into macrophages
------------------------------------------------------------------------

A human leukocyte cell line, THP-1 (ATCC) was cultured in RPMI 1640 medium supplemented with 10% FBS and antibiotic--antimycotics (Gibco). Cells were incubated at 37°C in a humidified atmosphere of 5% CO~2~ and 95% air. To induce differentiation into macrophages, THP-1 cells were treated with 100 nM PMA (Sigma-Aldrich, St. Louis, Missouri, USA) for 24 hr. Non-adherent cells were removed by aspiration, and adherent macrophages were washed with RPMI 1640 medium 3 times before stabilizing for 48 hr in cell culture medium \[[@b24-kjp-54-6-711]\].

IL-1β ELISA
-----------

Differentiated THP-1 cells were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10 for 4 hr and 8 hr. The supernatant from mock-infected or *T. gondii*-infected THP-1 cells was collected in triplicate, and IL-1β levels were measured using commercially available IL-1β ELISA kits according to the manufacturer's instructions (eBioscience, San Diego, California, USA). The cytokine concentrations of the samples were calculated from standard curves obtained using recombinant cytokines. The results were expressed in picograms per milliliter.

Western blotting
----------------

The protein samples were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes and probed with the relevant antibodies. The blots were developed using an enhanced ECL chemiluminescence detection kit (GE Healthcare, Little Chalfont, UK). The primary antibodies used were rabbit anti-IL1β, ASC, NLRP3, and NLRC4 (Cell Signaling Technology, Danvers, Massachusetts, USA) and mouse anti-α-tubulin (Santa Cruz Biotechnology, Santa Cruz, California, USA).

RNA extraction and quantitative real-time PCR (qRT-PCR)
-------------------------------------------------------

Differentiated THP-1 cells were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10 for 4 hr and 8 hr. Total cellular RNA was extracted using TRIzol Reagent (Invitrogen Life Technologies, Carlsbad, California, USA). RNA (2 μg) was reverse transcribed in a final volume of 20 μl using Superscript II reverse transcriptase (Invitrogen Life Technologies), as specified by the manufacturer, and then subjected to PCR using specific primer sets ([Table 1](#t1-kjp-54-6-711){ref-type="table"}). qRT-PCR was conducted using an ABI 7500 FAST System (Applied Biosystems, Carlsbad, California, USA). cDNA (100 ng) was subjected to qRT-PCR in a 20 μl reaction volume using SYBR-Premix Ex Taq II (Takara Bio Inc., Otsu, Japan). The hypoxanthine phosphoribosyltransferase 1 (*HPRT1*) gene was amplified for normalization of the cDNA amount used in qRT-PCR. Reactions were carried out in triplicate, and the data were analyzed using the 2^−ΔΔCt^ method.

Statistical analysis
--------------------

Results were expressed as means±SD from at least 3 independent experiments unless otherwise indicated. The statistical significance of the data was determined by unpaired Student's *t*-test or 1-way ANOVA. *P*-values of \<0.05 were considered significant.

RESULTS
=======

Up-regulation of IL-1β in *T. gondii* infected THP-1 cells
----------------------------------------------------------

THP-1 cells were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10 for 4 hr or 8 hr, and their morphology was then examined. To assess the capacity of differentiated THP-1 cells to produce IL-1β in response to *T. gondii*, THP-1 cells were infected with an MOI of 10 live *T. gondii*. Significant IL-1β synthesis was detected by western blotting in THP-1 cells after 4 hr and 8 hr of *T. gondii* infection ([Fig. 1A](#f1-kjp-54-6-711){ref-type="fig"}). Using qRT-PCR, we detected the elevated levels of IL-1β mRNA after stimulation with *T. gondii* ([Fig. 1B](#f1-kjp-54-6-711){ref-type="fig"}). *T. gondii* significantly enhanced IL-1β release in a time-dependent manner ([Fig. 1C](#f1-kjp-54-6-711){ref-type="fig"}). These results indicated that *T. gondii* induces IL-1β processing and mature IL-1β secretion from THP-1 cells into the environment in a time-dependent manner.

Caspase-1 and mRNA of NLRP1, NLRP3, NLRC4, and AIM2
---------------------------------------------------

Subsequent IL-1β processing is usually mediated by caspase-1, and the generation of mature IL-1β is achieved following cytoplasmic assembly and activation of inflammasomes \[[@b14-kjp-54-6-711]--[@b18-kjp-54-6-711]\]. *T. gondii* induced caspase-1 activation (cleaved caspase-1 p20) and pro-caspase-1 protein levels in THP-1 macrophages in an MOI-dependent manner ([Fig. 2A](#f2-kjp-54-6-711){ref-type="fig"}). We then investigated components of the inflammasome pathway involved in the secretion of mature IL-1β. Therefore, we first examined expression levels of inflammasome sensors NLRP1, NLRP3, NLRC4, and AIM2 genes in *T. gondii*-infected THP-1 cells. qRT-PCR analysis indicated that NLRP1, NLRP3, NLRC4, and AIM2 mRNA levels were significantly elevated after 4 hr and 8 hr of *T. gondii* infection ([Fig. 2B](#f2-kjp-54-6-711){ref-type="fig"}). We also confirmed activation of NLRP3 and NLRC4 proteins using western blot ([Fig. 2C](#f2-kjp-54-6-711){ref-type="fig"}).

ASC protein and mRNA levels and caspase-1 mRNA levels
-----------------------------------------------------

We next determined whether *T. gondii* infection influences inflammasome adaptor protein ASC and caspase-1 expression levels. After 4 hr and 8 hr post infection, ASC protein levels were significantly increased in a time-dependent manner after infection with MOI 10 *T. gondii* ([Fig. 3A](#f3-kjp-54-6-711){ref-type="fig"}). *T. gondii* also upregulated ASC and caspase-1 mRNA levels after 8 hr ([Fig. 3B](#f3-kjp-54-6-711){ref-type="fig"}).

A subset of NLRP genes and NAIP
-------------------------------

A number of NLRP genes with unknown functions are expressed in THP-1 macrophages. *T. gondii*-infected THP-1 cells induced the elevation of NLRP6, NLRP8, and NLRP13 mRNA levels with a time-dependent manner. In contrast, NLRP10 and NLRP14 mRNA expressions were decreased in *T. gondii*-infected THP-1 cells, but there were no significant differences between the mock-infected and *T. gondii*-infected groups. In addition, NLRP12 mRNA levels were significantly lower than those of the control after 4 hr of *T. gondii* infection. Interestingly, *T. gondii* infection significantly elevated NAIP mRNA levels after 8 hr ([Fig. 4](#f4-kjp-54-6-711){ref-type="fig"}).

DISCUSSION
==========

Inflammasomes are activated by infection or stress and regulate the activity of caspase-1 and maturation of IL-1β and IL-18 \[[@b11-kjp-54-6-711],[@b12-kjp-54-6-711],[@b20-kjp-54-6-711]\]. Canonical inflammasomes are composed of at least 3 main components; an inflammatory caspase, an adapter molecule such as ASC, and a sensor protein such as NLRP1, NLRP3, NLRP12, NAIP1, NAIP2, NAIP5, or AIM2 \[[@b11-kjp-54-6-711],[@b12-kjp-54-6-711],[@b20-kjp-54-6-711]\]. Activation of these molecules facilitate restriction of microbial replication and trigger an inflammatory form of cell death called pyroptosis, thus activating inflammatory processes \[[@b12-kjp-54-6-711],[@b20-kjp-54-6-711]\].

We examined the levels of IL-1β, which is a pyrogenic cytokine that is produced during innate immune responses following pathogenic invasion. IL-1β is synthesized as an immature pro-IL-1β, which requires activated caspase-1 for its cleavage into mature IL-1β, which is secreted from cells \[[@b20-kjp-54-6-711]--[@b22-kjp-54-6-711]\]. In previous studies, IL-1β production was induced in cells infected with *T. gondii* \[[@b17-kjp-54-6-711],[@b18-kjp-54-6-711],[@b23-kjp-54-6-711],[@b24-kjp-54-6-711]\]. In this study, *T. gondii*-infected macrophages did not show any increase in secretion of IL-18 (data not shown), whereas elevated IL-1β secretion was detected in *T. gondii*-infected THP-1 cells with a time-dependent manner. These results were similar to a previous report that, although *T. gondii*-infected macrophages showed efficient caspase-1/11-dependent IL-1β cleavage and secretion, they did not show upregulation, cleavage, or secretion of IL-18 \[[@b16-kjp-54-6-711]\]. Additionally, our experiments showed that pro-IL-1β mRNA expression in *T. gondii*-infected macrophages directly corresponded to the release of mature IL-1β protein.

To investigate the inflammasome pathways involved in the secretion of mature IL-1β, we examined expression levels of sensor molecules modulated by *T. gondii*. Infection with *T. gondii* triggers NLRP1 and NLRP3 inflammasome formation, and a protective inflammasome-mediated response is induced to limit parasite load and dissemination \[[@b14-kjp-54-6-711]--[@b16-kjp-54-6-711],[@b18-kjp-54-6-711]\]. In this study, we confirmed that *T. gondii* infection significantly elevated ligand recognition of inflammasome sensors, including NLRP1, NLRP3, adaptor molecule ASC, and caspase-1.

Additional receptors present in the plasma membrane or cytosol may be involved in inflammasome activation during *T. gondii* infection. We examined the expression of unknown sensor proteins, including NLRC4, NLRP6, NLRP8, NLRP10, NLRP12, NLRP13, NLRP14, AIM2, and NAIP. *T. gondii* infection significantly elevated NLRC4, NLRP6, NLRP8, NLRP13, AIM2, and NAIP mRNA levels in a time-dependent manner. To our knowledge, this is the first report to show that NLRC4, NLRP6, NLRP8, NLRP13, AIM2, and NAIP inflammasome sensors potentially contribute to the pathogenesis of *T. gondii* infection in THP-1 macrophages. Under specific conditions, NLRP6 is highly expressed in the gastrointestinal tract and forms inflammasomes with ASC and caspase-1 \[[@b25-kjp-54-6-711]\]. These results suggest that the inflammasome may play a key role in barrier function during homeostasis and intestinal inflammation induced by *T. gondii* infection. NLRP8 and NLRP13 are reproduction-related genes, but their actual role in inflammatory disease is not yet understood \[[@b26-kjp-54-6-711]\]. Interestingly, a recent study reported that NAIP/NLRC4 inflammasome complexes are activated in response to proteins from virulent bacteria that reach the cell cytosol \[[@b27-kjp-54-6-711]\]. Similar to these reports, we showed that *T. gondii* significantly elevated NAIP and NLRC4 mRNA levels in THP-1 macrophages. These results indicate that activation of the NAIP/NLRC4 inflammasome may occur in *T. gondii*-infected macrophages; however, the precise role of NAIP/NLRC4 requires further investigation.

ASC also known as target of methylation-induced silencing-1, is a putative component of the inflammasome complex \[[@b11-kjp-54-6-711]\]. The inflammasome adaptor protein ASC mediates the recruitment and activation of caspase-1, thereby regulating caspase-1 mediated maturation of IL-1β \[[@b28-kjp-54-6-711]\]. These results are consistent with our findings that *T. gondii* infection significantly upregulates ASC protein and mRNA levels and induces parasite load-dependent caspase-1 activation.

In summary, to elucidate the role of inflammasome components in the innate immune response to *T. gondii* infection in THP-1 macrophages, we examined inflammasome-related gene and protein expression and the mechanisms of inflammasome-regulated inflammatory cytokine secretion. In this study, *T. gondii* infection significantly increased the production of IL-1β in PMA-differentiated THP-1 macrophages. In addition, *T. gondii* infection significantly elevated the mRNA expressions of ligand recognition inflammasome sensors, including NLRP1, NLRP3, NLRC4, NLRP6, NLRP8, NLRP13, AIM2, NAID, ASC, and caspase-1. This study showed for the first time that *T. gondii* infection regulates NLRC4, NLRP6, NLRP8, NLRP13, AIM2, and NAIP gene expression. Investigation of the molecular mechanisms that activate these inflammasomes will require further investigation.
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![*T. gondii* triggers the expression and secretion of mature IL-1β. (A, B) THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10 for 4 hr and 8 hr. IL-1β expression levels were quantified by western blotting (A) and qRT-PCR (B). (C) Culture supernatants were collected, and IL-1β levels were measured in the supernatants by ELISA. Results represent the means ± SD from a representative of 3 independent experiments (\**P*\<0.05 compared with the control).](kjp-54-6-711f1){#f1-kjp-54-6-711}

![*T. gondii* infection induces caspase-1 activation and elevates NLRP1, NLRP3, NLRC4, and AIM2. (A) THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* using different MOIs for 8 hr. Cells were collected, and caspase-1 expression levels were quantified by western blotting. The α-tubulin was used as a loading control. (B) THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10. Cells were harvested at 4 hr or 8 hr post infection, RNA was extracted, and NLRP1, NLRP3, NLRC4, and AIM2 expressions were determined by qRT-PCR. HPRT1 was used as an internal control. (C) THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10 for 4 hr or 8 hr. NLRP3 and NLRC4 protein levels in the cells were quantified by western blotting. The α-tubulin was used as a loading control. A representative of 3 independent replicates with similar results is shown (\**P*\<0.05, compared with the control).](kjp-54-6-711f2){#f2-kjp-54-6-711}

![*T. gondii* upregulates ASC mRNA and protein levels and caspase-1 mRNA levels. (A) THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10 for 4 hr or 8 hr. ASC protein levels in the cells were quantified by western blotting. The α-tubulin was used as a loading control. (B) THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10. Cells were harvested at 4 hr or 8 hr post infection, RNA was extracted, and ASC and caspase-1 gene expression was determined by qRT-PCR. HPRT1 was used as an internal control. A representative of 3 independent replicates with similar results is shown (\**P*\<0.05 compared with the control).](kjp-54-6-711f3){#f3-kjp-54-6-711}

![*T. gondii* infection regulates a subset of NLRP genes and NAIP. THP-1 macrophages were mock-infected or infected with RH strain of *T. gondii* at an MOI of 10. Cells were harvested at 4 hr or 8 hr post infection, RNA was extracted, and the expression of various genes was determined by qRT-PCR. HPRT1 was used as an internal control. A representative of 3 independent replicates with similar results is shown (\**P*\<0.05, compared with the control).](kjp-54-6-711f4){#f4-kjp-54-6-711}

###### 

Primer sequences used for real-time quantitative reverse transcriptase PCR (qRT-PCR) in this study

  ------------------------------------------------------------------------------------
  Gene name   GeneBank accession no.   Primer sequence (5′-3′)     Product size (bp)
  ----------- ------------------------ --------------------------- -------------------
  IL-1β       NM_000576.2              F-CCACAGACCTTCCAGGAGAA\     121
                                       R-GTGATCGTACAGGTGCATCG      

  NLRP1       NM_014922.4              F-ATACGAAGCCTTTGGGGACT\     148
                                       R-ACAAAGCAGAGACCCGTGTT      

  NLRP3       XM_011544055.2           F-AAAGGAAGTGGACTGCGAGA\     129
                                       R-TTCAAACGACTCCCTGGAAC      

  NLRC4       XM_017004619.1           F-GGAAAGTGCAAGGCTCTGAC\     129
                                       R-TGTCTGCTTCCTGATTGTGC      

  AIM2        XM_005245616.4           F-AGCCTGAACAGAAACAGATGG\    120
                                       R-CTTCTTGGGTCTCAAACGTGA     

  ASC         NM_145182.2              F-CTGACGGATGAGCAGTACCA\     108
                                       R-CAAGTCCTTGCAGGTCCAGT      

  CASP1       XM_017018396.1           F-GGGGTACAGCGTAGATGTGAA\    137
                                       R-CTTCCCGAATACCATGAGACA     

  NLRP6       XM_017017253.1           F-CTGTTCTGAGCTACTGCGTGAG\   100
                                       R-AGGCTCTTCTTCTTCTTCTCCTG   

  NLRP7       XM_011526601.2           F-TAACCCGTAGCACCTGTCATC\    101
                                       R-GGTCTTCTTCCCAATGAAAGC     

  NLRP8       NM_001317000.1           F-CGCTGGTGTGCTTTCTACTTC\    130
                                       R-GGTCGGGTTTGGACATAATCT     

  NLRP9       XM_011526894.2           F-CTAGCCTCTCCCAGTCTGACAT\   121
                                       R-GCGATGTCTTCACAAACTTCAC    

  NLRP10      XM_011520043.2           F-GTCACGGTGGAGGCTCTATTT\    100
                                       R-CGAGAGTTGTCTTTCCAGTGC     

  NLRP11      NM_001297743.1           F-TAGATTGCTGCACGACCTTG\     135
                                       R-GGCACAGACCCACGAGTATT      

  NLRP12      XM_017027467.1           F-CGACCTTTACCTGACCAACAA\    114
                                       R-AGGTCCATCCCAAATAACCAG     

  NLRP13      NM_001321057.1           F-ATGGTGTGTTGGACCGTATGT\    140
                                       R-GCCAAATCTACCTCTGCTGT      

  NLRP14      XM_011520044.1           F-CCGCTTGTACTTGTCTGAAGC\    122
                                       R-GCCTCCATCTACTGGTGTGAA     

  NAIP        XM_011543413.2           F-AGTACTTTTTCGACCACCCAGA\   135
                                       R-TAGTTGGCACCTGTGATTTGTC    

  HPRT1       NM_000194.2              F-GACCAGTCAACAGGGGACAT\     111
                                       R-CTGCATTGTTTTGCCAGTGT      
  ------------------------------------------------------------------------------------
